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By Salvatore J, Grisaffe and W i l l i a m  A. Spi t z ig  

SUMMARY 

An inves t iga t ion  was undertaken t o  evaluate the e f f e c t s  of two considerably 
d i f f e r e n t  plasma spray powders, tungsten and zirconia,  and four  subs t r a t e  mate- 
rials, g lass ,  stainless s t e e l ,  tungsten, and copper, on t h e  par t ic le - to-subs t ra te  
bond. A l l  t h e  subs t ra tes  except g l a s s  were metallurgical1.y polished; t he  glass 
had a s u f f i c i e n t l y  smooth surface so  that mechanical inter locking would not con- 
t r i b u t e  t o  the r e su l t an t  bond. 

It was found that  the thermal conductivity of the subs t ra te  exer t s  the 
g rea t e s t  control  on the  quench r a t e  of the  plasma-sprayed p a r t i c l e s  and, there-  
fore ,  g rea t ly  influences the par t ic le - to-subs t ra te  bond. 
thermal conductivity of the subs t r a t e  decreases, t he  quench rate of t h e  p a r t i c l e  
decreases and p a r t i c l e  adherence increases. 

I n  general, as the 

Although the proper t ies  of tungsten and z i rconia  are very d i f f e ren t ,  t he  
adherence of both materials, when sprayed i n  air, is very s imi la r  f o r  any one 
subs t r a t e  material (except i n  the  case of a s t a in l e s s - s t ee l  subs t r a t e  where tung- 
s t e n  adherence w a s  much b e t t e r  than t h a t  of zirconia).  IKL a nitrogen atmosphere, 
tungsten adherence w a s  the  same as that observed i n  air, while there was a s l i g h t  
improvement i n  the adherence of zirconia. 

INTRODUCTION 

Although plasma spraying i s  becoming a common term i n  both industry and re-  
search, l i t t l e  work has been done t o  character ize  the deposit ion sequence i n  
order t o  obtain in s igh t  i n t o  the  bonding phenomenon. It was f e l t ,  therefore ,  
t h a t  a need exis ted f o r  an examination of t he  p a r t i c l e s  t ha t  form the i n i t i a l  
l aye r  on t h e  substrate.  
e f f e c t s  of two plasma spray powders and various subs t r a t e  mater ia ls  on the  
p a r t i c l e -  to-substrate  bond. 

The purpose of t h i s  inves t iga t ion  was t o  evaluate the 

E a r l i e r  inves t iga t ions  dealing w i t h  the spraying process were not pr imari ly  
concerned with the adhesion of individual  p a r t i c l e s  t o  t h e  subs t r a t e  (refs. 1 
and 2). 
glass slides was studied, and the  r e s u l t s  were used t o  determine an optimum spray 
d is tance  f o r  t h e  pa r t i cu la r  spraying operation. 

I n  these  invest igat ions,  the impact behavior of alumina p a r t i c l e s  with 



FACTORS T" AFFECT PARTICIJ3-TO-SuBsTRATE BONDING 

The quality of any sprayed coating is extremely dependent on the initial 
particle-to-substrate bond, and the actual bond strength will be influenced by 
the deposition conditions and the mterial properties. The actual configuration 
of a particle after it impinges and sticks to the substrate is dependent on many 
factors. Some of these are 

(1) Particle factors 

(a) Temperature 

(b) Velocity 

(c) Mass 

(d) Density 

(e)  Thermal conductivity 

(f) Specific heat 

(g) Thermal expansion 

(h) Dynamic viscosity 

(i) Surface tension 

(2)  Substrate factors 

(a) Temperature 

(b) Hardness 

(c) Surface finish 

(a) Thermal conductivity 
(e) Specific heat 

(f) T h e m  expansion 

(3) Plasma factors 

(a) Temperature 

(b) Velocity 

(c) Composition 

The preceding factors also interact to influence other properties that con- 
tribute to the particle-substrate bond, and some of these are discussed in the 
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following paragraphs, 

Total  area of contact of p a r t i c l e  against  t o t a l  area available f o r  con- 
tact .  - The deformed p a r t i c l e s  contact t h e  subs t r a t e  over a ce r t a in  area, so axty 
bond s t r eng th  w i l l  be a funct ion of t h e  amount of i n t e r f ace  area. For example, 
a first l a y e r  of p a r t i c l e s  that are r e l a t i v e l y  undefonned would give a low con- 
t a c t  area, whereas one of highly deformed p a r t i c l e s  would cover much more of the 
ava i lab le  area. 

- 

The f i n a l  p a r t i c l e  shape is control led by p a r t i c l e  viscosi ty ,  p a r t i c l e  ve- 
l o c i t y  and mass (Le,,  k i n e t i c  energy), and p a r t i c l e  surface tension on t h e  sub- 
strate, Subs t ra te  thermal conductivity, temperature, and s p e c i f i c  hea t  w i l l  
cont ro l  t h e  length of time a f t e r  impact that the  p a r t i c l e  remains i n  a s t a t e  
where viscous flow may occur. 

I n t e r f a c i a l  stress. - The i n i t i a l  temperature of the pa r t i c l e ,  as it con- 
t a c t s  the subs t ra te ,  and the thermal proper t ies  of t h e  p a r t i c l e  and t h e  subs t r a t e  
coupled w i t h  t he i r  coef f ic ien ts  of thermal expansion w i l l  inf luence the p a r t i c l e  
quench rate and the  r e su l t an t  i n t e r f a c i a l  s t r e s s  on f i n a l  cooldown. 
the a b i l i t y  of both t o  undergo p l a s t i c  deformation under t h i s  stress i s  a l so  
important. 

O f  course, 

Surface films, - Surface oxides o r  contaminants i n  general  on e i ther  the  
subs t r a t e  o r  the p a r t i c l e  could enhance o r  inh ib i t  s t rong par t ic le - to-subs t ra te  
bonds. 

Interdiffusion.  - The formation of a nonbr i t t l e  d i f fus ion  zone between the 
subs t r a t e  and the first sprayed layer would be highly desirable because it would 
g rea t ly  improve t h e  qua l i ty  of t he  i n t e r f a c i a l  bond, 
is, of course, dependent on the compositional, themel ,  and crystal lographic  
proper t ies  of both materials. 

The d i f fus ion  phenomenon 

Consideration and Selection of Materials 

During plasma spraying, powder p a r t i c l e s  o r ig ina l ly  at  room temperature are 
first heated at a very rapid rate when they are blown i n t o  the  plasma stream by 
a c a r r i e r  gas, A t  this same t i m e ,  they are physical ly  accelerated t o  a rela- 
t i v e l y  high velocity,  which then decreases with increasing d is tance  from the 
nozzle. They are then car r ied  downstream by the flowing plasma t o  some point  a t  
which they co l l i de  with a subs t r a t e  and are deposited. Such p a r t i c l e s  l o s e  heat 
by rad ia t ion  and convection as they move i n  the stream and, upon impact w i t h  t h e  
substrate ,  a r e  further cooled by conduction. 

Because each powder p a r t i c l e  undergoes t h i s  process, it is e a s i l y  seen that  
t h e  scope of each s t e p  (a t  constant to rch  conditions) is  goverced by the physical  
p roper t ies  of t h e  powder being sprayed and the subs t r a t e  on which it i s  depos- 
i t e d r  

(1) Thermal conductivity, sur face  area, p a r t i c l e  s ize ,  emittance, and spe- 
c i f i c  hea t  govern how fast t h e  p a r t i c l e s  both gain and l o s e  theMnal energy, 
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( 2 )  P a r t i c l e  s i z e  and densi ty  govern t o  what ve loc i ty  a p a r t i c l e  i s  accel-  
e ra ted  by the  plasma and a l so  how fast it decelerates. 

(3) The thermal conductivity of the  substrate ,  along with subs t ra te  tempera- 
ture, d e t e m n e s  how rap id ly  t h e  p a r t i c l e s  l o s e  hea t  on impact, 

It appears, therefore,  t h a t  t h e  thermal conduct ivi t ies  of both subs t ra te  and pow- 
der are important variables. 

Plasma spray powders and subs t ra te  mater ia ls  tha t  had considerable d i f f e r -  
ences i n  t h e i r  proper t ies  were chosen, i n  order t o  evaluate t h e  e f f e c t  of proper- 
t y  var ia t ion  on t h e  par t ic le -subs t ra te  bond, 
ables  (e.g., plasma var iab les )  as possible  were held constant i n  order t o  examine 
t h e  mater ia l  aspects of the  powders and subs t ra tes  more c r i t i ca l ly .  

As many of the nonmaterial var i -  

"he spray powders used i n  this invest igat ion were tungsten and zirconia. 
These powders were chosen because of their  wide differences i n  the proper t ies  
( e. g., thermal d i f fus iv i ty ,  emittance, etc. ) t h a t  influence p a r t i c l e  bonding. 
For subs t ra te  materials,  glass,  s t a i n l e s s  steel, tungsten, and copper were chosen 
primarily because of t h e i r  w i d e  var ia t ions  i n  thermal conductivity, 

"he metal subs t ra tes  were sprayed i n  a i r  at  torch-to-substrate  dis tances  of 
3 t o  7 inches and i n  a nitrogen atmosphere at  a torch-to-substrate  dis tance of 
5 inches. The g la s s  subs t r a t e s  were sprayed i n  air  at  a torch-to-substrate d i s -  
tance of 3 t o  9 inches, 

The Need f o r  Temperature and Velocity Data 

I n  order t o  character ize  a process, it is des i rab le  t o  be completely famil- 
iar with all i ts  parameters. Since t h i s  inves t iga t ion  was concerned w i t h  hot  
p a r t i c l e s  impacting on substrates ,  it was des i rab le  t o  know how hot  the p a r t i c l e s  
were and how fast they were t r ave l ing  when they h i t ,  
considerably i n  the  ana lys i s  of t he  r e su l t i ng  col l is ions,  An attempt, therefore,  
was m a d e  i n  this inves t iga t ion  t o  character ize  these  variables,  

Such information would aid 

APPARATUS AND PROCEDUFB 

A l l  spraying w a s  accomplished with a r i g i d l y  mounted Thermal Dynmics F-40 
torch operating at  t h e  following f ixed  conditions! 

Spray nozzle in s ide  diameter, in. , . 7/32 
Current, amp 8 .  . . + e . t . . m .  450 
Voltage, v * .  . . .- . , .  , . . . ... . , . . . .. 60 
Plasma-nitrogen flow rate, cu ft/& . . . . . . + . 80 
Plasma-hydrogen flow ra t e ,  cu f t / h r l  . . . e . 10 
Carrier-nitrogen flow rate, cu f t /h. l .  . . .- . . . . , . * . , , , 10 
Continental  Coatings hopper setting I . . .- , , , . , .- . , . * 11,9 

. * . , . . . , . . . 

I . . . - . . e 

'Standard cubic feet  per  hour* 
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Measurement of P a r t i c l e  Velocity 

The average ve loc i ty  of the powder p a r t i c l e s  was determined by a method s i m -  
i l a r  t o  that used i n  determining t h e  ve loc i ty  of sprayed alumina p a r t i c l e s  i n  the  
inves t iga t ion  of reference 3* 
normal t o  two ro t a t ing  disks  ly ing  one behind t h e  other. The first d isk  has a 
1/2-inch-wide r a d i a l  s l o t ,  which allows p a r t i c l e s  t o  pass through the  d isk  and 
deposi t  on a glass s l ide  mounted on t h e  second disk. The pa t t e rn  of the powder 
p a r t i c l e s  formed on the  second d isk  is displaced i n  r e l a t i o n  t o  t h e  s l i t  i n  the  
first d isk  by an amount that depends on the  angular ve loc i ty  of t h e  disks. 

I n  this procedure the  plasma spray i s  d i rec ted  

From t h e  lateral  displacement P ( f t ) ,  t h e  r a d i a l  dis tance of t h e  displace- 
ment from the center  of t h e  d i sk  
A (ft), and t h e  number of revolutions of t h e  disks  per  mirtute 
average p a r t i c l e  ve loc i ty  
equation, e a s i l y  derived from geometric considerationsr 

& ( f t ) ,  t h e  dis tance between t h e  two disks 
N (rpm)t t he  

V ( f t / s ec )  can be calculated by means of t h e  following 

I n  t h i s  invest igat ion,  two c i r c u l a r  metal disks, 1 6  inches i n  diameter, with a 
1-inch separation, were mounted on a motor-driven shaft .  The r o t a t i o n a l  speed 
of t h e  d isks  was measured stroboscopically, 

Measurement of P a r t i c l e  Temperature 

The determination of t he  zirconia- and tungsten-part ic le  deposit ion tempera- 
Platinum - platinum-13-percent- t u re s  w a s  car r ied  out by means of thermocouples, 

rhodium thermocouples were fabr ica ted  w i t h  oversized junctions t h a t  were then 
hammered i n t o  thin,  f la t  d isks  approximately 0,010 inch th i ck  and 0,125 inch i n  
diameter. This provided a l a r g e  recording surface of very low heat capacity. 
A recorder with a mill isecond response w a s  used t o  monitor the temperature. 
f i l e s  of temperature aga ins t  dis tance f r o m  the  nozzle w e r e  made i n  the plasma 
gases with and without p a r t i c l e s  i n  t h e  stream. With t h i s  thermocouple, it w a s  
impossible t o  determine temperatures c loser  than 4 inches from t h e  nozzle s ince  
t h e  upper l i m i t  of t he  thermocouple is 3000° F. A t  each posi t ion,  spray was  d i -  
rec ted  at  the thermocouple u n t i l  a temperature equilibrium w a s  reached, usual ly  
a f t e r  about 0.5 second, The coating t h a t  formed on the  thermocouple was removed 
before each new dis tance measurement- 

Pro- 

Substrate  Preparation 

The g la s s  microscope s l i d e s  were cleaned with acetone but otherwise were 
used as received. 
mounted i n  self-curing exothermic p l a s t i c ,  and metal lurgical ly  polished t o  pro- 
duce a scratch-free surface, 

The metal subs t r a t e  mater ia ls  were cut  o r  ground t o  s ize ,  
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I Spraying in Air 

Glass microscope slides were inserted directly into a wooden block with 
milled slots spaced at 1/2-inch intervals. 
original polishing mounts. 
to which a metal tab had been welded, These tabs were inserted into the milled 
slots in the wooden block. 

The metal substrates were left in the 
Each mounted specimen was fitted with a hose clamp 

I The actual deposition on both types of substrates was accomplished by draw- 
ing the block, on which the specimens were mounted, through the plasma spray at 
approximately 1 foot per second, 
substrates in such a manner as to be readily examined with a metallograph. 

In this way, particles were deposited on the 

Spraying in Nitrogen 

A procedure similar to that used for spraying in air was employed for the 
spray work in an inert atmosphere. 
evacuated to a pressure of 20 microns and then backfilled with high-purity dry 
nitrogen, A metal sliding mechanism was employed instead of the wooden block, 
but, again, the specimens were moved in front of the plasma stream at approxi- 
mately 1 foot per second. 

I A water-cooled spray chamber was used] it was 

Powder 

The zirconia powder was calcium oxide stabilized and had a particle-size 
range of 62 to 44 microns (-250 to +325 mesh). !The as-received powder was some- 
what angularly shaped and, when viewed at high magnification under polarized 
light, showed many transparent areas. After passing through the jet, the powder 
particles more closely approximated spheres, 

The particle size of the tungsten powder ranged from 62 microns (-250 mesh) 
t o  30 microns (no equivalent mesh size), 
peared to be composed of sintered chains of smaller particles. After passing 
through the jet, the particles were nearly spherical, 

In the as-received condition, it ap- 

I Substrates 

Both glass and a series of metals were used as substrates. Glass (soda 
lime) microscope slides (I by 3 in, ) served as the low-thermal-conductivity sub- 
strates, while 1- by 1-inch squares of metal, a l l  taken from the same sheet, were 
used for more highly conductive substrates. The metals chosen were commercial 
tungsten sheet, 304 stainless steel, and oxygen-free high-conductivity copper. 
All samples were approximately l/B-inch thick, 

Physical properties of both the powders and substrates are given in table I. 
These values, from literature sources, are provided only f o r  comparison of rela- 
tive properties and should not be interpreted to be the actual values of the 
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materials used, 

RESULTS ABD DISCUSSIOR 

Velocity Measurements 

The results of the velocimeter measurements of tungsten and zirconia  pa r t i -  
c l e s  are shown i n  figure 1, 
creased from 250 t o  150 feet per  second as the dis tance from the nozzle was 
increased from 3 t o  11 inches, 
near ly  constant (i. e& 
t i c l e s ,  the ve loc i ty  decreased from 430 t o  310 feet  per second as the  d is tance  
from the nozzle increased from 3 t o  11 inches, A t  3 and 5 inches, however, t he  
ve loc i ty  remained nearly constant a t  430 feet per  second. 
over the range of dis tances  investigated,  t h e  zirconia  p a r t i c l e s  a t t a ined  a ve- 
l o c i t y  twice tha t  of t he  tungsten par t ic les ,  

The average ve loc i ty  of t he  tungsten p a r t i c l e s  de- 

A t  d is tances  of 3 and 5 inches, t he  ve loc i ty  was 
For the zirconia  par- 250 and 235 ft /sec,  respectively).  

These da t a  show that, 

m e  r e su l t i ng  ve loc i ty  data, i n  conjunction with t h e  p a r t i c l e  s i z e  and 
densi ty  of t he  tungsten and zirconia  powders, show that  the r a t i o  of the square 
of the  ve loc i ty  of z i rconia  t o  that of tungsten is  approximately the same as t h e  
r a t i o  of t h e  densi ty  of tungsten t o  that of zirconia. 
both powders, therefore,  were approximately equal i n  this case (appendix A). 

The k ine t i c  energies of 

Temperature Measurements 

Temperature of z i rconia  and tungsten par t ic les .  - Since no data exis ted  as 
t o  the p a r t i c l e  temperatures during plasma spraying, an attempt was made t o  ob- 
t a i n  approximate values of t h e  average p a r t i c l e  temperatures of z i rconia  and 
tungsten. The method used f o r  t h i s  analysis  was similar t o  t h a t  used i n  a previ- 
ous inves t iga t ion  (ref, 4). Because the temperature measurements are, i n  e f fec t ,  
an in tegra t ion  of the  temperature of many par t ic les ,  the I*esults a r e  average 
values of par t ic le  temperature. These data a r e  presented i n  f igu re  2. The data 
poin ts  from several trials all f a l l  within t h e  region shown i n  f igu re  2, 
ac tua l  va r i a t ion  i n  the readings w a s  not considered unusual i n  v i e w  of the method 
used. The data indicate ,  however, t h a t  the p a r t i c l e s  were a t  a s l i g h t l y  higher 
temperature than the plasma stream. 
tungsten or  z i rconia  p a r t i c l e s  were i n  the plasma stream were approximately the 
s me. 

The 

The temperatures recorded when ei ther  the 

Heat transfer i n  z i rconia  and tungsten par t ic les ,  - It was des i rab le  t o  
evaluate t h e  e f f e c t  of powder s i z e  on the thermal cha rac t e r i s t i c s  of t h e  zirconia  
and tungsten par t ic les .  This ana lys i s  was car r ied  out  by means of the equation 
f o r  heat flow i n  a sphere as presented i n  reference 5, 
assumptions involved, along with a sample calculation, are shown i n  appendix B, 
This analysis  allows ca lcu la t ion  of the  r a t i o  of the temperature of the i n t e r i o r  
portions of t h e  p a r t i c l e  t o  that  at  the  surface as a function of the thermal 
propert ies  of t he  mater ia l  and t h e  residence time of t h e  p a r t i c l e s  i n  t h e  plasma 
stream. Select ing t h e  dis tances  3 and 5 inches as t h e  most probable range of 
spray dis tance and taking t h e  average ve loc i ty  of the  p a r t i c l e s  as tha t  measured 
i n  this range y i e ld  the  results shown i n  f igu re  3. The curves are calculated 

The equation and t h e  



from equation ( B l )  (appendix B) and were taken from reference 5. 

The m a x i m u m  ve loc i ty  was  chosen as t h e  average value f o r  the calculat ion of 
residence t i m e  s ince  t h i s  would give the shor t e s t  t i m e  t h a t  the p a r t i c l e  was i n  
the plasma stream; therefore,  the p a r t i c l e  s i z e s  recorded i n  f igu re  3 should be 
on t h e  conservative side, 
the temperature at  the center  of the p a r t i c l e  could be the  same as that on the 
surface f o r  diameters up t o  100 microns f o r  the  dis tances  selected. I n  t h e  case 
of zirconia,  the l a r g e r  p a r t i c l e  s i zes  (60 microns) result i n  t h e  center  of the 
p a r t i c l e s  having a temperature of about seven-tenths t h a t  of the surface. These 
values f o r  p a r t i c l e  s i z e  a r e  i n  fair  agreement with those calculated i n  the in-  
ves t iga t ion  of reference 6. 

The calculat ions showed tha t ,  i n  t h e  case of tungsten, 

It should be noted that the  e f f e c t s  of cooling the  p a r t i c l e s  by radiatj-on 
and convection have been ignored i n  these calculat ions and t h a t  t h e  plasma stream 
was assumed t o  have a constant temperature along i ts  length. 
assumed t h a t  t h e  surface of the p a r t i c l e s  reached the plasma temperature instan-  
taneously upon enter ing t h e  plasma stream. 
addi t iona l  ones l i s t e d  i n  appendix B, it i s  f e l t  that  the calculated results are 
s u f f i c i e n t l y  precise f o r  the  conclusions drawn from them 

It was further 

I n  s p i t e  of these assumptions and t h e  
I 

I 

Because of t h i s  complex in t e rac t ion  of  heat- t ransfer  and plasma-temperature 
e f f ec t s ,  no d e f i n i t e  conclusions can be drawn about the ac tua l  condition of the 
p a r t i c l e s  as they impact the substrate.  
c l e s  when they en te r  t h e  plasma stream is assumed t o  reach the melting point  of 
t he  material, however, the  hea t - t ransfer  ana lys i s  ind ica tes  t ha t ,  even i n  the  
case of zirconia,  t h e  p a r t i c l e s  should be i n  a state i n  which they can eas i ly  be 
deformed, and deformation r e s u l t s  i n  a l a r g e  area of contact between t h e  pa r t i -  
c l e s  and the substrate.  
melting points  a t  some point  i n  the plasma stream has been evidenced by t h e i r  
spher ica l  shape after they pass through the plasma je t  (ref. 7). 
plasma-stream temperature ac tua l ly  decreases with increasing dis tance as t h e  
p a r t i c l e s  are t rave l ing  i n  it, addi t iona l  complexities arise t h a t  cannot be ac- 
counted f o r  i n  the hea t - t ransfer  analysis. It was f e l t  t h a t  t h e  best way t o  
analyze t h e  complex in t e rac t ion  of t h e  changing plasma-stream temperature and 
heat t r a n s f e r  of the p a r t i c l e s  was t o  examine the r e su l t an t  deformed p a r t i c l e s  on 
the  various substrates.  

If  the  surface temperature of t he  pa r t i -  

That the temperatures of t he  p a r t i c l e s  approach t h e i r  

Since t h e  

I Glass Substrate  

Veloci t ies ,  temperatures, and schematic cross sect ions of z i rconia  p a r t i c l e s  
that impinged on g l a s s  slides a r e  given i n  t a b l e  11, 
shown i n  f igu re  4, 
pat te rns  obtained when water drople t s  impinged on a surface (ref. 8). 

A t y p i c a l  flow pa t t e rn  is  
This type of flow pa t t e rn  i s  very similar t o  t h e  sp lash  

I 
As t he  dis tance from the gun increases  (i, e. , p a r t i c l e  temperature and ve- 

l o c i t y  decrease), the splash pa t te rns  change from the type f o r  high-velocity 
drople t s  t o  t h e  type f o r  low-velocity droplets  (ref, 8). 

Since g l a s s  has a very low thermal conductivity, it would be expected t h a t  
the p a r t i c l e s  impinging on it would r e t a i n  t h e i r  heat f o r  a longer t i m e  than they 
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would on a subs t r a t e  with high thermal conductivityc 
oratory (as y e t  unpublished) ind ica t e  that t h e  p m t i c l e  deformation i s  complete 
i n  approximately 7x10'5 second after contact w i t h  the  substrate.  
deposition, when compared t o  that  i n  t h e  high-speed photographs of water drople t s  
i n  reference 8, ind ica tes  tha t  t h e  surface tension of the p a r t i c l e s  is  qu i t e  low 
and t h a t  t h e  flow cha rac t e r i s t i c s  may be r e l a t ed  t o  t h e  viscous drag between the 
s o l i d  surface and t h e  flowing drop, Also, s ince  the  number of s t r i n g e r s  de- 
creases w i t h  d is tance (and ve loc i ty  decreases wi th  dis tance) ,  these may be a 
funct ion of t he  velocity.  

D a t a  obtained at  t h i s  lab- 

This type of 

Tungsten deposi ts  on g l a s s  exhibi ted a somewhat d i f f e r e n t  charac te r i s t ic .  
Schematic cross sect ions are shown i n  t a b l e  111, and a photograph is  shown i n  
f igu re  5. 
f e r e n t i a l  a spe r i t i e s ,  
were decreased), the mount of spreading decreased, 
tances, t h e  p a r t i c l e s  exhibited t h e  development of columnar grains. Evidently, 
the  p a r t i c l e s  cooled slowly enough t o  permit observation of t h i s  s t ructure ,  It 
was v i s i b l e  because there was surface oxidation of the pa r t i c l e s ,  i n  e f fec t ,  a 
heat-  t i n t  etch. 

The p a r t i c l e s  deformed i n t o  f lat  c i r cu la r  p l a t e s  with s l i g h t  circum- 
When dis tance was increased (temperature and ve loc i ty  

A t  r e l a t i v e l y  l a r g e  dis-  

By a comparison of the pa t te rns  of z i rconia  and tungsten on glass ,  it may 
be seen t h a t  z i rconia  p a r t i c l e s  splashed considerably more than tungsten p a r t i -  
cles,  This increased f lowabi l i ty  w a s  enhanced by t h e  higher veloci ty  of z i rconia  
as compared t o  tungsten, even though the k ine t i c  energies were almost equal, It 
a l s o  appears tha t  the lower r a t i o  of surface t o  center  temperature of the zirco- 
n i a  pa r t i c l e s ,  as compared t o  tungsten, d id  not have any obvious influence on the 
r e su l t an t  configurations,  

S ta in less -Stee l  Substrate  

Some adherence of z i rconia  on s t a i n l e s s  s t e e l  was seen a t  the 3-inch working 
distance. "he amount, however, was not a t  all significant;, and few whole parti-  
cles could be seen (fig, 6 ) ,  Most of the deposit w a s  nothing m o r e  than  random 
splashes from p a r t i c l e s  that had h i t  and subsequently f a l l e n  off. Some gouges 
and p i t s  were a l so  observed. A t  the g rea t e r  spray distances,  t he  amount of resi- 
due decreased and only p i t s  could be seen. 

The deposit ion of tungsten on s t a i n l e s s  s t e e l  was excel lent  at  a l l  d is -  
tances. Small basal s t r inge r s  were apparent, and many of the p a r t i c l e s  exhibited 
an unusual rectangular configuration on the i r  top surfaces. 
c l e  exhibi ted a surrounding dark splash t h a t  may w e l l  have been due t o  e i ther  a 
s l i g h t  cloud or  she l l  of tungsten o r  tungsten oxide surrounding it, which 
splashed out on impact (fig. 7), 

Almost every pa r t i -  

The adherence of z i rconia  on s t a i n l e s s  s t e e l  was much less than t h a t  exhib- 
i t e d  by tungsten. 
t h a t  of tungsten, the tungsten maintained a much b e t t e r  bond. This could indi-  
ca t e  that metal-to-metal bonds have a much g rea t e r  chance of success than 
ceramic-to-metal bonds o r  t h a t  t he  d u c t i l i t y  of t h e  coating i s  an important fac- 
tor.  

Since t h e  coe f f i c i en t  of expansion of z i rconia  i s  g rea t e r  than 

Actually, both of these points  should be carefu l ly  considered. 
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Conversely, t he  zirconia-to-glass bond seemed b e t t e r  than the  tungsten-to- 
g lass  bond. 
tremely low thermd conductivity of t h i s  substrate.  Perhaps, t h e  s t a in l e s s - s t ee l  
conductivity was low enough t o  permit good bonding but high enough t o  cool t h e  
tungsten and prevent rap id  oxidation. 

Then, too, t he  tungsten was oxidized ofl g l a s s  because of t h e  ex- 

It is a lso  possible  t h a t  the s imi l a r i t y  of t h e  p a r t i c l e  and subs t ra te  mate- 
r ials i s  an important f ac to r  i n  bonding; t h a t  is, metal p a r t i c l e s  bond b e t t e r  t o  
metal, and oxide p a r t i c l e s  bond b e t t e r  t o  oxides. The numerous parameters in-  
volved i n  t h e  bonding (e.g., thermal conductivity, type of oxide f i l m  on sub- 
strate, s imi l a r i t y  of p a r t i c l e  and subs t ra te  material, etc. ), however, nlake def- 
i n i t e  conclusions about t h e  control l ing f a c t o r  contr ibut ing t o  t h i s  bond impos- 
sible.  

Zirconia seemed t o  adhere t o  s t a i n l e s s  steel  b e t t e r  when it was sprayed i n  
t h e  nitrogen atmosphere (5-in, working distance).  
t o  t h e  higher temperature of t h e  s t a in l e s s - s t ee l  subs t r a t e  ( t h e  tank-atmosphere 
temperature rose t o  approximately 300' F before spraying). Tungsten sprayed on 
s t a i n l e s s  s t e e l  i n  t h e  tank ( a l s o  a t  5 in.) was very similar t o  t h a t  sprayed i n  
a i r  and bonded well, 

This may be eas i ly  a t t r i b u t e d  

Tungsten Substrate  

Zirconia exhibi ted almost no adherence t o  tungsten subs t ra tes  at any of t he  
working dis tances  invest igated when sprayed i n  air. Only a few fragments re- 
mained on t h e  tungsten. This ind ica tes  extreme atomization of t he  p a r t i c l e s  on 
impact due t o  t h e  high conductivity of t he  substrate.  The subs t r a t e  was pocked 
by many p a r t i c l e s  t h a t  d id  not adhere upon impact (fig.  8). 

Tungsten d id  not atomize on impact at  any of the  dis tances  (3, 5, and 7 in.)  
but  deformed and then f e l l  o f f j  t h e  r e su l t an t  splash pa t te rns  were out l ined by a 
r ing  of e i t h e r  t he  oxide or  f i n e l y  condensed tungsten (fig.  9). A t  t h e  center  
of each sp lash  pat tern,  there  appeared t o  be a depressed area, probably caused by 
t h e  i n i t i a l  high deformation, which occurred when t h e  p a r t i c l e s  first s t ruck  t h e  
substrate ,  

Because of the higher thermal conductivity of t h e  substrate ,  ne i ther  of t he  
two powders adhered t o  tungsten as wel l  as they d id  t o  stainless s t e e l  o r  glass. 

Zirconia sprayed on tungsten i n  an i n e r t  nitrogen atmosphere showed a 
s l i g h t l y  improved adherence over t h a t  which it had exhibited a t  any of t h e  work- 
ing dis tances  i n  air. This can again be a t t r i b u t e d  t o  t h e  increase i n  subs t ra te  
temperature t h a t  decreased t h e  e f f e c t  of high subs t ra te  thermal conductivity by 
lowering t h e  temperature d i f f e r e n t i a l  on impact. 

Tungsten sprayed on tungsten i n  nitrogen showed the  same type of phenomenon 
as tungsten sprayed on tungsten i n  air. Less out l in ing  of t h e  places where par- 
t i c l e s  impacted was  not iceable  i n  t h e  nitrogen atmosphere than i n  air. This in- 
d ica tes  t h a t  much of t h e  shadowing was due t o  surface oxidation of t he  par t ic les .  
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Copper Substrate  

The copper subs t ra tes  were p i t t e d  by the zirconia  at  these  dis tances  because heat 
was rapidly removed from the impinging p a r t i c l e s  by the  high-thermal-conductivity 
copper, From the  shapes of these  p i t s ,  it may be observed t h a t  not a l l  p a r t i c l e s  
were completely spher ica l  a t  impact and that  some deformed s l i g h t l y  and caused 
gouging. A t  t h e  g rea t e r  distance, only the l a rge  p a r t i c l e s  had s u f f i c i e n t  energy 
t o  cause p i t t i ng ,  s o  t h e  number of p i t s  decreased with distance,  whereas the p i t  
s ize  increased. If a s u f f i c i e n t  number 
of p i t s  occurred, t h e  surface would be i n  e f f e c t  "plasma blasted," and then me- 
chanically bonded z i rconia  could be present, 

No zirconia  adhered t o  copper at any of the  dis tances  invest igated i n  air. 

A t y p i c a l  p ic ture  i s  shown i n  f igu re  10. 

Tungsten sprayed on copper showed no adherence, The p a r t i c l e s  were p l a s t i c  
enough s o  t h a t  they deformed on impact. 
because of t h e  extremely shor t  t i m e  t h a t  the p a r t i c l e s  were at  temperature, these 
impacting p a r t i c l e s  f e u  off and l e f t  ou t l ines  ( f ig ,  11). 

Since t h e  copper surface oxidized and 

The combined observations on the  deposit ion of tungsten and z i rconia  p a r t i -  
c l e s  on all t h e  subs t ra tes  are l i s t e d  i n  table IV, 

CONCLUSIONS 

Analysis of t h e  deposit ion behavior of tungsten and z i rconia  p a r t i c l e s  on 
t h e  various subs t ra tes  shows tha t  ce r t a in  t rends a r e  followed. 

Subs t ra te  thermal conductivity exerts the  g rea t e s t  cont ro l  on the quench 
rate of the  plasma-sprayed p a r t i c l e s  and thus g rea t ly  inf luences t h e  pa r t i c l e -  
to -subs t ra te  bond. 
creases, t h e  quench rate of the  p a r t i c l e  decreases and p a r t i c l e  adherence in-  
creases, 

I n  general, as the thermal conductivity of the subs t ra te  de- 

Tmgsten pa r t i c l e s ,  having a s ign i f i can t  amount of p l a s t i c i t y ,  merely deform 
on the high-thermal-conductivity subs t ra tes  and then fa i l l  off, s ince  no bond i s  
es tab l i shedj  while zirconia, being a more b r i t t l e  material, atomizes when it con- 
t a c t s  t h i s  type of substrate.  

Although the propert ies  of tungsten and zirconia  a r e  widely d i f f e ren t ,  the 
adherence of both materials, when sprayed i n  air, is  very similar f o r  any one 
subs t r a t e  material (except i n  the  case of a s t a i n l e s s - s t e e l  subs t r a t e  where tung- 
s t e n  adherence i s  much b e t t e r  than t h a t  of zirconia).  
tungsten adherence is  the  same as i n  air, while z i rconia  adherence shows slight 
improvement. 
thermal conductivity of the subs t r a t e  as a result of spraying i n  the heated en- 
vironment. 

I n  a nitrogen atmosphere, 

It i s  not known if  t h i s  improvement is due so le ly  t o  the increased 

Lewis Research Center 
Fa t iona l  Aeronautics and Space Administration 

Cleveland, Ohio, June 13, 1963 
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APPENDIX A 

Thus, the kinetic energy of the particle is 

RINETIC-ENERGY CIIT;CuLATIONs 

The density of tungsten 43 is 19.3 grams per cubic centimeter, the average 
velocity i s  240 feet per second (7320 cm/sec), and the mass of a spherical tung- 
sten particle is 

q,prd3 
6 g/cm3 - -  - 10.1 d3 

where d is the particle diameter. !The kinetic energy of the particle is, then, 

= 270><106 d3 g / (  c d  ( se c 1 

The density of the zirconia used in this investigation pz is 6.0 grams per 
cubic centimeter, the average velocity is 430 feet per second (13,100 cm/sec), 
and the mass of a spherical zirconia particle is 

The specific value for a 60-micron particle, for example, is 

= KEz =z 27OXlO6 g/(cm) X (6x10'3 = 58.4 (dynes)(cm) 
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APF'EIVDIX B 

HEAT-TRANSFER ANALYSIS 

The equation for heat transfer in a sphere with radius R, initially at zero 
temperature, which is instantaneously brought to some constant temperature 
at the surface, can be expressed (ref, 5) as 

Ts 

T 

TS 

R 

r 

n 

K 

t 

k 

C 

P 

where 

temperature of particle at radius 

surface temperature of particle 

radius of particle 

distance from center to a point in the particle 

integer 

thermal di f f us i vi t y , k/C p 

time of residence of particle in plasma stream 

thermal conductivity 

specif ic  heat 

density 

r 

Assumptions involved in the derivation of this equation as modified to apply to 
the case at hand are the following: 

(1) The plasma stream has a constant temperature along its length. 

(2) The powder particles are smal l  spheres. 

(3) The thermal conductivity, specific heat, and density of the particles 
are independent of temperature. 

(4) The heat of fusion of the particles is zero, and the thermal conductiv- 
ity, specific heat, and density are the same for the solid and liquid. 

(5) The particles are homogeneous and isotropic solids. 
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I Sample Calculation of the Dimensionless 

Term kt/CpR2 for Zirconia 

The term kt/CpR2 is calculated by using the following values; 

Thermal conductivity, k, Btu/(hr) (ft) (9) . . . . . . . . . . . . . . . . .  0.75 
Specific heat, C, Btu/(lb)(?F) . . . . . . . . . . . . . . . . . . . . . .  0.170 
Density, p, lb/cu ft . . . . . . . . . . . . . . . . . . . . . . . . . . . .  374 
Particle radius, microns . . . . . . . . . . . . . . . . . . . . . . . . . .  ,30 

At a 3-inch torch-to-work distance, the average velocity is 430 feet per second; 
the residence time is, therefore, 

0*25 ft P 0.000582 sec t=w 
Since 

- =  k 0-75 Btu/( hr) (ft) (9) = 0.0118 sq f t / h r  L. 0,00305 cm 2 / s e e  Cp 0.170 Btu/(lb) (OF) X 374 lb/cu ft 

then 

kt 1 - = 3 . 0 5 ~ I - O - ~  cm2/sec X 5. 82X10-4 
C pR2 = O m 2 0  
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TABLE 1, - THERMAL PROPERTllES OF POWDERS AFJD SUBSTRclTES 

Material Thermal conductivity Specific heat Thermal expansior 
near 6 8 O  F, near 68O F, near 68O F, 

(call (cm)/(cm2>(sec>(oC> cal/(g) ( O c )  in,  /( in. ) ( O F )  

Glass 

304 Stainless 
steel 

Tungsten 

Copper 

Tungsten 

Zirconia 

?Ref. 9. 

bRef, 10. 
Ref. 11. 
dRef. 12. 

Ref. 13, e 

C 

&o. 397 033 a2.55W-0'6 

005 b. 10 d,5. 5 ~ l O - ~  

004 

a. 039 

a. 397 

a, 941 

bo* 18 

12 

033 

092 
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TABLE 11. - 

7 

8 

6 3 85 

350 

330 

I 320 

PARTCCLE VELOCITSES, "PERAT[TRES, AND CROSS SECTIONS 

OF ZIRCONIA PARTICLES SPRAYED ON GLASS 

Approximate Schematic average 
p a r t i c l e  p a r t i c l e  

temperature, c ross  sec t ion  
3 1  

I 
~~ 

1500 

~~ 

Remarks 

P a r t i c l e  splashed away from 
cec.ter and developed a 
rat .her high circumferential  
r i m  from which s t r i n g e r s  
prcceed outward. N o  mate- 
rial a t  center  of impact. 

Small amount of material 
remains a t  center  of i m -  
pact, and ridge i s  sepa- 
r a t e d  from it by region of 
no material. S t r inge r s  
s t i l l  proceed r a d i a l l y  out- 
ward, bu t  ridge i s  on in-  
side, 

Ridge i s  on ins ide ,  bu t  
s t r i n g e r  length and number 
have decreased markedly. 

Center hole i s  much smaller, 
t h e  ridge much heavier, and 
t h e  few s t r i n g e r s  much 
shorter .  

The r idge  remains, bu t  no 
central hole exists. 
St r inge r s  have degenerated 
i n t o  surface discontinui- 
t ies ,  

P a r t i c l e  i s  a d i s t o r t e d  
disk. A f e w  flow l i n e s  can 
be seen. 

Almost no deformation 
occurred. 
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TABLE rrI. - PARTICLE V E L O C I ~ S ,  TEMPERATURES, AND CROSS SECTIONS 

OF TUNGSTEN PARTICLES SPRAYED ON GLASS 

Spray 
i i  stance , 

in. 

1 1- 2 

2 

3 

4 

5 

Average 
p a r t i c l e  
veloci ty  
f t / s ec  

225 

210 

180 

165 

Approximate 
p a r t i c l e  

temperature, 
OF 

3300 

2 800 

2 300 

2000 

1800 

1500 

1400 

Schematic average 
p a r t i c l e  

cross sec t ion  

Remarks 

Extreme flattening. Par- 
t i c l e  overlap. Heavy oxi- 
dation. 

Columnar s t ruc tu re  a t  par- 
t i c l e  center. May be due 
t o  slow cooling, i s  vis ible  
because of an e f f ec t ive  
hea t  t i n t  from oxygen i n  
atmosphere. 
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TABJIE: IV. - COMBINED OBSERVATIONS ON PARTICLES DEPOSITED ON SUBSTRATES 

Substrate 

31as s 

304 Stainless 
steel 

Tungsten 

kygen-f ree 
high-conductivity 
copper 

Atmosphere 

Air 

Tungsten adhered at all d i s -  
tances but oxidized heavily 
because of slow cooling 
(fig. 5). 

Zirconia adhered well at all 
distances and exhibited ran- 
dom cracks in all particles 
(fig. 4). 

Excellent adherence of tung- 
sten at all distances. Some 
particles were surrounded by 
dark splashes and many 
showed square tops (fig. 7). 

Zirconia particles atomized, 
and only small fragments 
adhered (fig. 6). 

Tungsten particles hit and 
fell off (fig. 9). 

Very little adherence of 
zirconia particles and much 
atomization (fig. 8). 

Tungsten particles hit and . 
fell off (fig. 11). 

Zirconia pitted the sub- 
strate but did not 
adhere (fig. 10). 

Nitrogen 

Same as in air. 

Slightly better adherence, but 
the deposition configurations 
were the same. 

Same as in air. 

Slightly increased adherence 
of fine particles. 

Same as in air. 

Slight adherence. 
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Figure 1. - Variation of average particle velocity with 
torch-to-substrate distance. 
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Figure 2. - Temperature va r i a t ion  with torch-to- 
subs t r a t e  distance.  
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Radius i n  par t ic le / rad ius  of p a r t i c l e ,  r / R  

Figure 3. - Temperature d i s t r ibu t ion  a t  some radius  r within 
a sphere of rad ius  R. Thermal conductivity,  k; residence 
time, t; spec i f i c  hea t ,  C;  densi ty ,  p. 
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Figure 4. - Zirconia p a r t i c l e s  on glass sub- 
strate. Torch-to-substrate distance, 4 
inches.  X250. 
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Figure 5. - Tungsten p a r t i c l e s  on glass sub- 
s t r a t e .  Torch-to-substrate dis tance,  4 
inches.  x250. 
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Figure 6. - Zirconia particies on stainless-steel substrate. 
Torch-to-substrate distance, 4 inches. X250. 
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Figure 7. - Tungsten particles on stainless-steel substrate. 
Torch-to-substrate distance, 4 inches. X250. 
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Figure 8. - Fragments of zirconia on tungsten substrate. Torch- 
to-substrate distance, 4 inches. X250. 
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Figure 9.  - Areas where tungsten p a r t i c l e s  co l l ided  with, bu t  d id  
not adhere t o ,  tungsten subs t r a t e .  
tance,  4 inches.  x250. 

Torch-to-substrate d i s -  
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Figure 10. - P i t s  formed by c o l l i s i o n s  of z i rconia  p a r t i c l e s  
with copper subs t r a t e .  Torch-to-substrate dis tance,  4 
inches.  x250. 
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Figure 11. - Areas where tungsten p a r t i c l e s  co l l ided  with, but  did 
not adhere t o ,  copper subs t r a t e .  Torch-to-substrate dis tance,  
4 inches.  X250. 
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